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The model ships were equipped with a video camera and telemetry instru-
mentation. A video camera was mounted in the pilot house area and provided
visual cues needed for the model pilct. In addition to the video image, ship
performance data concerning rudder angle, shaft rpm, and heading were also
transmitted. These data were recorded and plotted.

T%c straight reach tests were conducted at a depth to draft ratio of 1.2.
The channel width dimension was narrowed until an unsafe condition existed.
Results of the model tests for both one-way and two-way traffic indicated that
the existing design criteria for design of channel dimensions for ideal cendi-
tions are conservative. However, the model indicated that only a slight reduc-
tion in channel widths (approximately 10 percent) could be made. Considering
the potential damage that could result if accidents occur, especially with
two-way traffic, some additional safety factors should be allowed. Because of
model scale effects and inaccuracies in the facility, it does not appear pru-
dent to revise the design criteria based on the results of this study.
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PREFACE

The study veported herein was conducted under the sponsorship of the
Office, Chief of Engineers (OCE), US Army, as Civil Works Investigation Work
Unit 31072, in the Navigation Hydraulics Research Program. Technical monitors
of this program during the course of the investigation and the preparztion
and publication of this report were Messrs. S. B. Powell and B. L. McCartney
{(OCE). The study was authorized in FY 75.

Tests were coaducted in the Hydraulics Laboratory of the US Army
Engineer Waterways Experiment Station (WES) under the general supervision
of Messrs. H. B. Simmons, Chief of the Hydraulics Laboratory, and J. L.
Grace, Jr., Chief of the Hydraulic Sctructures Division, and under the direct
supervision of Mr. G. A. Pickering, Chief of the Locks and Conduits Branch.
Tests were conducted by Messrs. J. E. Myrick, E. A, Graves, Jr., J. H. Riley,
and H. 0. Turner, Jr. This report was prepared by Mr. Turner.

Commanders and Directors of WES during the conduct of the study and
the preparation and publication of this report were COL G. H. Hilt, CE,

COL John L. Cannon, CE, COL Nelson P. Conover, CE, COL Tilford €. Creel, CE,

and COL Robert C. Lee, CE. Technical Director was Hr. F. R. Brown.
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CONVERSION FACTORS, US CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENTS

US customary units of mcasurement used in this report can be converted to ..

metric (SI) units as follows:

Multiply By To Obtain T
feet 0.3048 metres . ]

inches 25.4 millimetres
knots (international) 0.514444 metres per second

tons (2,000 1b, mass) 907.1847 kilograms
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DIMENSIONS FOR SAFE AND EFFICIENT DEEP-DRAFT S
NAVIGATION CHANNELS L
Hydraulic Model Investigation 1:;;~

PART 1: INTRODUCTION

’ Background
g
1. Present deep~draft navigation channel design criteria used in the .
'._' United States were formulated in 1965 (Wicker 1965) and used the 1948 tests TR
F on the Panama Canal sea-level project (Garthune et al. 1948) as a basis. The ‘.
[ criteria are based on providing safe margins for a typical design ship and
are presented in Figure 1. The width allowance is from 2.8 to 5.D times the
design ship's beam {or one-way traffic and 5.2 to 8.0 times the beam for s
L

L

2470508 5.2 70 8.0 B -———

3 ONE WAY THO WAY e
3 * IDEAL TO AOVERSE NAVIGATION CONDITIONS AT
CHANNEL WIDTH Pl
E MEAN LOW WATER OATUM »
. ] ) —=== 0o
i SALT WATER
[ : LDADED
L ORAFT
P \_ /1 o
DECREASED S
: TOTAL _gSAumITY
L DEPTH R0LLING AKO
PITCHING
SQUAT .
“YUNDER KEEL s
, CLEARANCE -
TR RN NS ]
CHANNEL DEPTH e
Figure 1. Present channel design criteria .!
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two-way traffic. The width criteria depend on judgment factors relative to i
design ship controllability, strength of yawing forces, quality of navigation iﬁ;ff
aids, type of channel, and bank orientation. The depth allowance is the sum T&iff
of ship draft, salinity effects, wave action, squat, and under-keel clearance. ig;l?
2. Use of the present criteria has led to a wide range in channel :%%i;
dimensions of existing waterways. A review of several typical navigation ;&;ﬁj
channels showed a wide variation of dimensions that were not attributable to ;;T:%
vessel sizes or operating conditions. Oversized channels require excessive :i ;.
construction and maintenance dredging costs, while undersize channels may be ﬁj'Vi
unsafe for navigation or require such slow ship speeds and careful operation hi}W
as to inhibit maritime commerce. Either situation is undesirable. ;—_—
Purpose tor Research fii?k

3. The design of navigation channels is influenced by many factors i:;;j

(Kray 1973). Scme of the principal factors are listed in Figure 2 and

QISTURBING
I FORCES P

' * NAVIGATION
—/@ SHIp — = ) - == o M%_o

g RO
PILOT \CHA MEL i‘“

e PILOTING ASPECTS
SKILL, OILIGENCE, TRAINING, KNOWLEDGE

NAVIGATION/INFORMATION AIDS

. -
ACCURACY, RADAR ANO OECCA, METED/HYORO %

e ENVIRONMENTAL FACTORS »
WINO, WAVE, CURRENT, VISIRILITY, TRAFFIC

e CHANNEL PROPERTIES -3‘
TYPE, LAYOUT, CRITICAL MANEUVERS .

e SHIP FAC ORS ::'._::. .

YYPE, SIZE, SPEED, RUDDER

Figure 2. Factors influencing channel dimensions

include: ship dimensions, ship-power-to-weight ratio, ship rudder and pro-
peller assemblies, type of traffic (i.e., onc way, two way, overtaking), ship

speed, pilot ability, and environmental conditions (i.e., wind, waves, fog).
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The problem of navigation channel design is made more complex by the inter-
action of the many variables.

4. A physical wodel was considered the best method to determine the
minimum dimensions of navigation channels compatihle with safe and efficient
navigation., The objective of the model study was focused on the improvement
of navigation channel design methods and not on the study of ship maneuver-

ability improvements. The model ships were used as a mecans to evaluate the

chaaneis being tested.

DA T T TR T T T T N A A R S T G R R




PART 11: THE MODELS

Description of Test Facilily

5. The research program was t(ouducted primarily at an undistorted scale

of 1:]100 in a facility that reproduced two straight reaches of navigation

channel with a typical bend in the middle and a turning basin at either end

(Figure 3). The straight lengths of navigation channel were about 17,000 ft# :F;::

(prototype) with a width of up to 1,500 ft. Revisions were made to the model ;Sﬁé

chanmel width by remolding the model channel side slopes and the model depth NS
"

wat adjusted by varying the water level. Current velocities were simulated
by circulating flow with a pumping system. A flowmeter was used tc measure

the amount ol discharge.

6. Tests were conducted with free-running, remote-controlled model ]
ships (Figure &). A video camera was mounted on the model ship in the area .-,

of the pilot house (Figure 5), and the video image was projected to a remote
area so that the medel pilot's visual cues were similar to those of the pro-

totype. A Lelemetry system on board the ship transmitted the ship's heading,

———
rudder angle, and staft rpm to this remote area tor use by the pilot {(Fig- | -
wre 6). This information was also recorded as a tunction of time for each ;ﬂ;
test. Differcat sizes ot model ships were nsed so that different dimension- e
less parameters (chanpel width to ship beam, chaunel depth to ship draft, 'ﬁf“
W enki
etc.) conld he easily tested withont a great number ol changes 1n tie chanune) -mnr
dimensions. .
Scale Ettect Test Madels e
7. Several tests to study scate cltects of the P 00-scale model ships ]
were comdncted with lavger scale modets of the same shop (150 scale (Fig- N

ure 7) and P25 scale (Figure B)). These tesly were comducted in Brown's

Lake (Fignre 9) at the US Army Engiucer Waterways kxperiment Station (WES).

ﬁtalr Relatious

B. The accepted equations tor hydracloe sim lhotnde hased on the xS
= A table of tactors tor vonvertiug US costomary auils of measurement to :
meleic (S1) units is presented on page 1, Ry
7
..r
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Froudian relations, which assume gravity to be the dominant force, were used
to express mathematical relations between dimensions and hydraulic quantities
of the model and the prototype. General relations for the transference of

model data to prototype equivalents are as follows:

Dirension Ratio Scale Relations

Length L 1:25 1:50 1:100

Area A =1L 1:625 1:2,500 1:10,000 ol

’ Weight W= Lj 1:15,625 1:125,000 1:1,000,000 S
o S

' : Velocity vV =1 1:5 1:7.7071 1:10 f

1]
=

1:5 1:7.7071 1:10

- Time T

=
L
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PART III: TESTS AND RESULTS

Scale Effects Tests

Model tests

9. As previously stated, the established criteria for hydraulic simil-
itude based on Froude's law were used to express the mathematical relations
between the dimensions and hydraulic quantities of the model and prototype.
Results obtained from prototype and 1:100-scale model tests can differ sig-
nificantly because of the different frictional form resistances of real and
model ships that are partly dependent on the ship Reynolds number. Therefore
some adjustment to the 1:100-scale model ships must be made to accurately re-
produce prototypz behavior. The relative effect of model scale on drag co-

efficient is shown in Figure 10. 1ln order for these 1:100-scale model ships

¢ T T T
1:100~SCALE
n 3 ~1:50 =
(=]
»
. 4 _
z
u
V3l -
igure 10. Effect of scale on drag o
Figure v " 8 E PROTOTYPE
W 2 —
)
o
[« 4
o |- =
TAF TEH HOENNE H)
5 | | L
10® 10’ 10 1o* 10'°

SHIP REYNOLDS NO. = ‘_:_)'_-_

to achieve the appropriate speed, a greater propeller thrust must be applied.
This additional thrust acts to increase the slipstream velocity past the rud-
der. Since rudder effectiveness .ncreases with the velocity of flow past it,
the model will respond quicker than the prototype. Several test techniques
or adjustments can be wade to the model to overcome this deficiency and are

explained in the following paragraphs.
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10. The surface friction of the model ahip hull can be reduced by

adding long-chai1 polymers tu the water. Long-chain polymers sre a class
of chemical compounds thst can be used to alter the viacosity of water. 1
Although this method has been used in relsted studies, it was not considered ,___,.___
reliable or practical for this study as model tests do net result in repro- K
ducible data because of chemical decomposition of the compounds with time.

11. The size of the model ship's rudder can be reduced so that the

prototype response to a given rudder command is reproduced. This adjuat-
ment is satisfactory for open seaa or large channel-to-ship-dimenaion ratios, LQ;;;
but the interaction between the ship's rudder and channel boundaries is such e
that erroneous test results could be produced in confined waters.

12. Wind propellers can be installed on top of the ship to provide .T;_
additional thrust to overcome the greater model drsg. c::!

13. The angle of attack of the model rudder csn be adjusted to pro- fp

duce the desired prototype results. An example of this approsch is that for o
a given ship speed, 10-deg rudder response in the model could be equivalent :_.ﬂ

to 20-deg response in the prototype. This method wss selected over the
others as being more adaptable to changes in the testing program.

14. 1In the early planning stages of this project, a literature search

showed that no prototype tests had been conducted with a ship of the size L@
being used at channel-depth-to-ship-draft (H/T) ratios less than 1.5. In =
order to evaluate the scale effects and the amount of rudder adjustment jj
needed on the 1:100-scale model, two larger acale shipa (1:25 and 1:50) were A :;
constructed. A tanker ship was selected for these geosim tests because of iijrf
the wide beam and the slow response to rudder commands. Previous hydraulic g ik
model studies (Figure 10) have shown that ship performance with a 1:25-scale -
model is within 10 percent of the prototype performance. The larger ships j;:;
were constructed using the aame basic hull lines as one of the 1:100-scale '.;.

model ships (265,000-deadweight-ton (dwt) tanker). Dimensions of this ship
are shown below along with those of the E550 OSAKA for general comparisoun.

Model ES50 OSAKA
Length 1,085 ft 1,066.3 ft
Beam 170 ft 173.9 ft
Draft 65 ft 72.3 ft
Displacement 265,000 dwt 278,000 dwt
14
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Tests with the 1:25- and 1:50-scale models were conducted in Brown's Lake

at WES. The depth of the lake was much greater than needed and yielded a
depth-~to-draft ratio comparable to deepwater open-sea conditions which was
not useful in studying bottom or bauk eftects on the test ship. A shallower
testing facility was needed to obtain the necessary information. Since a
shallower testing facility was not available, the 1:100-scale model was to

be adjusted to reproduce the performance of the 1:25-scale model a~ the deep-
draft condition. To accomplish this, tests were conducted with the 1:100-
scale model in an existing flume so that depth-to-draft ratios similar to

those obtained in the lake with the 1:25-scale ship could be obtained.

Prototype tests

15. Prototype maneuvering trials of the 278,000-dwt tanker ESSO
OSAKA were made in 1977. These trials addressed the effects of water depth,
ship speed, and propeller rpm on turning circles, Z-maneuvers, and accel-
erating turns. The depth-to-draft ratios tested were 1.2, 1.5, and 4.2
(Crane 1979).

16. The circle test and Z-maneuver results at a depth-to-draft ratio
of 1.2 were used to adjust the 1:100~scale model to obtain prototype re-

sponses. The specific tests used for the scale adjustment were:

Test Velocity H/T
35-deg right circle 7.2 knots 1.2
20-deg Z-maneuver 7.3 knots 1.2
10-deg ~ -maneuver 7.1 knnts 1.2

A direct comparison of these specific tests was not possihle due to model
facility limitation. A modified testing procedure called the initial turn
test was selected in order to overcome the space limitations zand give a
better comparison of results based on channel operating procedures which do
not permit a ship to circle or zigzag (Z-maneuver) down the channel.

17. The initial turn test concentrates on the initial change of head-
ing that occurs after the rudder command is given. These tests are compared
on the length of time required for the heading change to equal the rudder
angle. Figure 1] shows an example of the initial turn analysis on prototype

data. The initial turn analysis can be performed on both the ci.cie test and

15
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HEADING
RUDDER

TIME OF INITIAL TURN

HEADING OR RUDDER ANGLE, DEG

i ' L A A A

&0 100 160 200 280 300 360

TIME AFTER RUDDER COIMAND, SEC

Figure 11. Initial turn analysis

Z-maneuver (Figure 12). Since the 1:100-scale model reacts faster than the
prototype, the amount of rudder angle was reduced until the initial turn times
were equal. Figure 13a shows how the model for a 35-deg prototype rudder
augie adjustment was made. The time scale is in model units and prototype
units are obtained by multiplying by a factaor of 10. The moedel rudder angle
was reduced from 35 deg in 5-deg steps until the appropriate time was reached.
The model time required to achieve a 35-deg change in heading for each model
rudder angle is plotted in Figure i3a. For this example, the prototype time
is 209 sec (20.9-sec medel). The intercept point dccurs at approximately
20-deg model rudder angle. The eund result of Figure 13a shows that a 20-deg
model rudder angle will give the same response as a 35-deg prototype rudder
angle. The same procedure was used to analyze the :0-deg {Figure 13b) and
10-deg (Figure 13c¢) data. The model data tests were conducted according to
prototype conditions of depth, dralt, aud velocity. The intercept points of
Figures 13a-13c were used to develop Figure 13d, which shows the scale effects
according to the initial turn analysis.

18. Hydronavtics Ship Model Basin (lISMB) of Laurel, Maryland, has com-

piled a computer model of the ESSO OSAKA based ou prototvpe and captive model

16
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Figure 12. Ship mancuverability tests !

17 S

.V'-

R

D

(e maw.u e e_n R A T R T L S T ST UL S DL
i S e e e R L I I N



o,
K -

JCACAC AT ARG Ay

FAL

e

Bl

TIME OF NITIAL TURN SEC MOOEL}

TIME OF INITIAL TURN SEC (MOOEL)

”F

111

o

L]

LL )

i
!

e . 4 - = -
RUDDER AGLE, DEGREE
a. 35-deg rudder
; " & e 18 T ..I_
rEptotTer -
— —
s T r "o " o)

"
RUDDER ANGLE, DEGREES
c¢. 10-deg rudder

Figure 13.

TIME OF INITIAL TURN. SEC (MODEL}

MODEL RUCOER ANGLE. OEGREES {MOOEL)

n

.l.
o
O m i® ~ u.. =

RUDDER ANGLE, DEGREES

b. 20-deg rudder
.....-L::-_

o ="
o
s

M ; . =

i # N =0
FROTOTYPE RAUDDER ANGLE. DEGREES
d. Scale effects

Initial turn adjustment, model and prototype, H/T = 1.2




N
oy

e
results (Hydronautics 1979). This computer model was considered to be another ;ﬂﬁf
source of prototype data and was used in the scale effects analysis. i;:
19. An initial turn analysis was made on the HSMB math model using pro- *Q

totype conditions as input. A comparison of prototype and math model results
for rudder angles of 20 deg and 10 deg is shown in Figures 14a and 14b, re-

spectively. The 35-deg rudder angle results were identical for prototype and

math model (Figure 13a). The intercept points of Figures 13a, l4a, and 14b
were plotted and are presented in Figure l4c, which shows a comparison of the
model scale effects according to the initial turn analysis of both prototype 5
and math model data. The two sources of "prototype” data differ greatly at _:__
the 20-deg rudder angle and cannot be explained at this time. The 20-deg .’
rudder angle is considered significant as ship pilots prefer not to use more .

than 20-deg rudder when making a channel passage.® Safety is the basic rea-

son for limiting the rudder angle as a ship may not be able to safely recover
once a high rate of turn is established in a channel environment. Based on !!-
the results shown in Figure l4c, a rudder angle of 10 deg in the model was 2?&
selected as giving the same initial rarn result as 20-deg rudder angle in the 1 i
prototype. This adjustment is conservative when compared with the prototype :,_
result at 20-deg rudder angle. 1lua this case, more emphasis was given to the i;:
math model results. On the other hand, the adjustments indicated by the math "':
and physical models were almost identical for hoth the 10- and 35-deg rudders. 5}3
The scale adjustment described above was only used for the tanker which was {?
the primary test vehicle. The tanker was chosen as the primary test vehicle ii:
because of its slow response to rudder commands. Navigation channels designed :??T
for the slow-responding tankers would be safe for the better performing cargo :&f
and mariner ships. Tif
e
Squat _and Trim Tests
Testing procedure 9?;
20. Tests were conducted to determine the amount of ship squat and b_:
trim for various ship velocities with the 265,000-dwt tanker. There was no
flow in the model channel. This was accomplished by placing two paper cards
* Personal conversations with Houston Ship Channel and Columbia River !17
pilots, 1977, o
19 :_f-.'
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on the model ship near the stern and bow. A constant elevation bracket which
contained a marker was placed at the side of the channel. A mark representing -
essentially the static water level on the hull was made on each paper card by T
- running the model ship at a very slow speed (approximately 2 knots) past the
constant elevation bracket. All measurements were referenced from this mark.

Additional marks were then cbtained with the ship traveling at various speeds.

. The difference in the elevation of the marks was used to compute the squat
and trim. An autopilot system allowed the model ship to follow the center of Ay

2 the channel within 3 in. (25 ft prototype). - ?i

21, The ship model used for the squat tests was a 1:100-scale model of
a 265,000-dwt tanker. The prototype dimensions of this ship are given in the »
tabulation on page 14. The velocity of the model was regulated by setting A
the shaft rpm at a desired value. For each channel condition, shaft rpm
values of 600, 900, 1,200, and 1,400 were used, These rpm values propelled
the model ship at equivalent prototype speeds of between & and 15 knots.

22. The channel-width-to-ship-beam ratio (W/B) was changed by moving
sheet-metal channel houndaries to the proper location. Values of the W/B
ratio tested were 5.76, 3.0, and 1.5. The sheet-metal boundaries were con-
structed to simulate natural channel boundaries with side slopes of 1V on 5H.
These boundaries were su'merged for all the tests (Figure 3b). Tho channel-
depth-to-ship-draft ratios tested were 1.5 and 1.2. The H/T values refer to ]Qii
the static depth to draft condition and not a value caused by the resulting
squat. Only two (initial and verification) runs were made for each test con- ii:
dition., H/T values of less than 1.2 could not be tested accurately because
of the uneven concrete bottom in the model facility.

Effects of depth and width

23, Effects of changes in W/B and H/T were ohserved on the measured

S@ . "

values of ship velocity, squat, and trim. The plotiad data were compared on
the basis of equal depth-to-draft ratios and data trends caused by changes in
the channel-width-to-ship-beam ratio are showu.

24. TFigure 15 shows the effects ol changes in W/B ratios on the velec- ii‘
ity of the ship. As shown in Figure 15a (/T = 1.2}, W/B ratios of 3.0 and :
5.76 follow about the same curve. A W/B ratio of 1. has more confinement i?;
in the channel and follows a lower velocity curve. Fi-ure t5b (W/T = 1.5) fu?
has a greater under-keel clearance and does not show the trends of Figure 15a

(H/T = 1.2). The velocity curve values of Figure 15b (H/T = 1.5) are

21 .
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consistently higher than those in Figure 15a (H/T = 1.2) by about 5 to
10 percent.

25. Overall trends from Figures 15a and 15. show that higher ship
velecities are obtained when the under-keel clearance is greater. Changes
in the W/B ratio do not affect the velocity when the H/T ratio is 1.5. For
H/T = 1.2, however, ship velocities increase somewhat with decreasing W/B.
Squat

26. Figures 16a (H/T = 1.2) and 16b (H/T = 1.5) show the velocity of
the ship plotted against the measured midbody squat. According to the data,
the W/B ratio does not have much influence on squat. Comparison of Fig-
ures l6a and 16b reveals that a greater amount of squat will be experienced
at the lower depth-to-draft ratio (H/T = 1.2) for a given ship velocity. The
data trends of Figures 16a and 16b indicate that the ship squat is a function
of velocity and the H/T ratio but is not influenced much by the W/B ratio.
Trim angie

27. Figure 17 shows the trim angles calculated from the test data.
The results are scattered and do not indicate a direct correlation with H/T
and W/B ratios. An overall trend shows that the trim angle does increase

with velocity.

Channel Tests

28. As previously stated, the object of the research was to determine
the minimum channel dimensions compatible with safe and efficient navigation.
To accomplish this, test: wvere conducted with various channel dimensions and
ship sizes. The channels tested did not represent any particular prototype
channel but were based on a typical dredged ci:annei in a natural waterway
(Figure 3). The side slopes of the channel were molded to 1V and 5H. ’he
model channel represented an ideal condition. In reality, most channels will
have irregularities that could cause turbulence, crosscurrents, etc.; however,
it is difficult to reproduce this type of channel and still retain the general
dimensionless parameter desired.

29. Channel markers were placed in the channel about 4,000 ft apart
in a staggered arrangement to define the bottom width. The test facility had
a water supply system that allowed tests to be conducted with currents up to

about 10 knots, depending on the width of the channel. Most of the tests were
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conducted with tankers because this type of ship is less maneuverable than
other types of ships. For example, a channel designed for a tanker can easily
be navigated with a container or mariner type ship of equal dimensions.

30. Instrumentation onboard consisted of a telemetry system, gyro-
compass, and video camera. The telemetry system transmitted the ship's head-
ing, rudder angle, shaft rpm, and video image. The video camera was mounted
in the pilothouse area and was aimed over the bow of the model ship.

31. TFor a specific test, the W/B ratio was set by constructing the
channel boundaries at the desired position and the model channel was flooded
to a level that reproduced the proper H/T ratio. During a test, the model
ship was operated in the same manner as a prototype ship. A helmsman con-
trolled the rudder angle and shaft rpm by remote control. Commands were
given by a pilot who observes the vessel's direction on the video monitor.
Instrumentation readouts of rudder angle, shaft rpm, and heading angle allowed
the pilot to monitor the ship's performance. This scenario provided the major

elements of a pilot house environment. Time-based data consisting of ship

speed, rudder angle, and ship heading were collected during each test.
32. Based upon the prototype and math model scale effects tests, the
model ship's rudder was adjusted to give the proper prototype ship response.
Since ship pilots try to limit the ship's rudder angle tc 20 deg during a . 3

channel passage, as previously stated, the model ship's rudder was limited to
10 deg. Data from each test were analyzed to determine if the run was safe ;fﬂ;
or unsafe for that particular testing condition. The run was considered un- {ﬁ};

safe if am excessive amount of rudder was required to successfully navigate

the channel or if the model ship came too close to either the side or bottom

of the charmel. Approximately 40 runs were made with each test condition ?f;?
{eaclt combination of H/T, W/B, and ship speed). 1f all of the runs were safe, ﬂ:i“
the channel was considered to be safe; if any of the runs were unsafe the b

channel design was counsidered nnsafe, unless the cause of the uunsafe run was
attributed to some uncontrollable factor such as malfunction of the model
controls. This model test techwique was similar to that described by Bindel
(1960). Tests were couducted by experienced engineers and technicians who
spent much time becoming {amiiiar with the model ships and coudacting practice
ruus. lt is considered that their piloting skills were equivalent to those of

an experienced ship's pilot.
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One-way traffic

33. This phase of the testing program concentrated on one-way traffic
in a straight reach. The test ship was a 1:100-scale model of a 265,000-dwt
tanker described in the tabulation on page 14, Other types of ships such as
cargo and mariner can safely navigate a waterway designed for tankers due to
better controllability factors inherent with these types of ships.

34. The H/T ratio used in these tests was 1.2. This value was selected
due to reduced controllability of the ship at this condition and variations in
the model test facility flow prevented using a lower value. The variations in
the slab elevation caused the H/T ratio to vary from 1.15 te 1.25. Prototype
ships will operate with a H/T ratio as low as the tide permits.

35. Typircal ship speeds of 3, 5, and 7 knots were used in these tests.
A design ship speed of greater than 7 knots in a natural waterway was not
considered practical due to increased hydrodynamic effects. These effects
include squat and bank suction which influence the overall safety of the
waterway. Ships traveling at these higher speeds also generate more waves
which contribute to bank erosion problems.

36. Failure in these tests was a qualitative standard based upon
whether or not the 1:100-scale model ship could safely travel the channel
without striking the bank or without using too much rudder angle. In the
straight reach, W/B ratios of 2.25 and 2.50 were tested. A high degree of
failure was experienced with the W/B of 2.25 (Figure 18). The W/B ratio of
2.50 was found to be safe for ideal conditions of slack water and no wind. A
cross section of this channel is shown in Figure 19. Figure 20 shows that
the test ship was able to safely transmit the channel without using too much
rudder angle or striking the bank. The ship speed had very little effect on
maneuverablilty as would be expected in the ideal channel. A speed of about
3 knots was required to maintain good controllability of the ship. A minimum
W/B ratio of 2.8 is recommended in the present design critecria (Figure 21).
These design criteria assume that the design vessel has very good controlla-
bility and there are no crosscurrents, crosswinds, or waves. Thus the W/B
ratio vf 2.5 is slightly less than the design criteria presently being used
for ideal navigation conditions. Considering the scale effects on bank suc-
tion, the accuracy of the scale modzl tests, and the controlled environmental
factors in the model, the values are considered very close and no changes in

the present criteria are recommended.
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37. Tests were conducted with currents up to about 4 knots in the chan- R

| nel. Since the channel cross section was uniform thoughout the entire length Ay

of the channel, the only effect of the current was tc change the shaft rpm
required to maintain a constant speed. Inconsistencies in the channel cross
section could, and probably will, exist in prototype channels. This will
cause current velocities to vary in the channel, resulting in more adverse

navigation conditions and thus requiring wider channels. Since each proto-

type channel! is unique, good engineering judgment or site-specific model
studies will be required to determine the amount of additional width required
for these currents.
Rendway tests <
38. Failure in these tests was also a qualitative standard based upon
whether or ot the 1:100-scale model ship could safely approach the bend,
maneuver the bend, and recover to exit without striking the bank or without
using too much rudder angle. The hendway tests involved a typical 30-deg cut- ;;'
off hend. The testing conditions were /T = 1.2 , nu current, and little

or no wind. The width of the bend (Wb) was varied to allow for more area in

the turn (Figure 22). .
39. An initial width-of-bend-to-ship-heam (Wb/B) ratio of 3.5 and W/B
of 2.50 quickly proved to be nnsafe (Figure 23). This unsafe condition was -9
hased npon the gqualitative criteria established in the model scale adjustments ::.{2
procednre. The main area of difficnlty under these conditions was experienced ii;;f
in recovering from the turning effects of the ship in order to safely navigate ;;fi;
@

the exit channel. -
40, The Wh/B ratio was increased to 4.5, Under these conditions

(W/B = 2.5, Wh/B = 4.5}, the model ship was able to enter the bend, make the _;:f?

turn, and sately recover (Figure 24) . These dimeasions allowed the model ship

operiator more avea in which to make rnclder apd conrse cerrections during the

turn.  Transiating the Wh/B ratio to a function ol channel width (W) reveals

that the width ol the channel bend should be 180 percent of the channel width, ;:'

As with the straight reach tests, the bendway tests were conducted under ideal
conditions {no vurreats or wimd). A more comprehensive study ot bends will be -
comnducted at a later date,

Two-way tralfic

A1 hn thas series of tests, two raho-controited lree-running model
tankers were nsed.  The 1T 100-scale 205,000=-dwt tanker was nsed in the same - .
0 R
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Figure 22.
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manner as the one-way traffic tests. The 1:100-s-ale 108,000-dwt tanker was
equipped with an autopilot system which allowed it to follow a straight line
course.

42. The autopilot system used in this study was a wire guided system.
A wire was place on the bottom of the channel in the desired path of ship

travel (Figure 25). The system was capable of maneuvering a model ship within

MARKER 85+ 8, ~
‘\\\\ 1.26 1.70

MARKER

’L——-——- £\ e m__________J !

3 WIRE 5
0.6 8;
1.6 168, 088 168, 068,
201 '|' 136 |‘ 272 ']'r.oz |
SCALE 1" - 200

Figure 25. Channel cross section tested for two-way traffic

the capahilities of the ship. A small amount of alternaling electrical cur-
rent was passcd through the wire which estahlished a magnetic field. Three
sensing coils on the ship, two detector and one reference, detected the mag-
netic field. When the ship was too far off course, the detector coil at the
greater angle with the wire hroke more lines of flux and yielded the greater
voltage. The associated electronics adjusted the ship's rudder so that the
output voltages of the coils were balanced. This system allowed the ship
to track the wire within 3 in. (25 ft prototype). The rudder angle was not
limited to any maximum value and was totally controlled by the autopilot
system. Only the speed of the vessel was controlled hy the manual radio
controlled system. The speed of this ship was noted and no other data were
recorded.

43. The 265,000-dwt model was remotely piloted as in other tests and
the usual data were monitored and recorded. In ope.ating this ship, the
operator would aim the ship at range markers located at the end of the test

section. Marker buoys were placed to define the channet boundaries.
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44, The width of the test channel was set according to current criteria A
(Figure 26). The channel width consists of maneuvering lanes for each ship, }f?zfi
.8 : .
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CHANNEL WIDTH TWO-WAY TRAFFIC R Ty
Figure 26. Existing design criteria for channel width VEAL
with two-way traffic, very good vessel controllability, .. 9
no crosscurrents, no crosswinds, and no waves (EM 1110- e
2-1613, Figure 7-1)

bank clearances, and a clearance lane between ships. Thess design criteria
assume that the design vessels have very good controllability and there are
no crosscurrents, crosswinds, or waves which would cause the vessels tu yaw.

45. Hydrodynamic forces were not measured during a test; such forces

are better studied in captive model studies. The heading data give an indi- ;:lrg:
catioi. f the bow wave and suction effects that do occur. Figure 27 shows -9
what generally happens when two ships pass each other. The heading angle of a0

this plot shows how the bow waves combine to push each vess>l's bow slightly

away from the oncoming vessel. The suction effect takes over when the two
ships ar~ alongside each other. This sucticn draws the ships closer together 9
and moves the stern of each ship toward the center of the channel. Just after e

the ships have passed, the bow of each ship will tend to follow the other

ship's wake. The magnitude of this phenomenon increases as the path distance
decreases. Vessels passing within one ship beam will experience more of the -0
effect than those passing at a two ship-beam distance. Diligent pilots will |
take these factors into consideration when a meeting situation arises and {__-:
avoid the negative aspecls by using rudder and engine commands. With the oS

}: 100-scale models, the distance between the meeting ships was difficult to
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46. Numerous tests vere conducted with the channel width established Ot
according to the existing design criteria for two-way traffic (Figure 25). ::' g
All runs were considered safe and the existing design criteria for ideal con- ;h;;
9
ditions are considered adequate. Although several successful runs were made Fa
with the clearance lane between ships reduced, several of these runs involved :f_:*
close encounters ot the ships. Because of the safety factors required due to :{3{
greater potential for accidents with two-way traffic, reducing the channel S
. - ol
width to less than the existing c¢riteria is not recomeended. oy
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PART IV: DISCUSSION

47. The criteria used by the Corps of Engineers for design of deep-
draft navigation channels are based on providing for safe and efficient navi-
gation while minimizing the amount of dredging necessary to maintain these

channels. These criteria are based on tests conducted in the Panama Canal

many years ago, experience in the field, and engineering judgment. The
channel width is predicated on the beam of a selected design ship and other
factors, such as controllability of the vessels, whether one-way or two-way

traffic will be allowed, and forces caused by winds and currents. Channel

depth is determined by the draft of the design vessel and other factors such i@
as squat, sinkage, wave conditions, required under-keel clearance, and nature .ﬂf"

of the channel bottom material. The object of this research was to determine
if the existing design criteria are adequate and to refine these criteria if
possible.

48. Most of the research was conducted with a tanker as the design
vessel since this type ol ship has a wide beam and is slow to respond to
rodder commands. Most of the data obtained were for ideal navigation condi-
tions (no currents, waves, or wind). In the initial stages of the research
program, plans were made to determine the eflect of ship speed on channel pa-
rameters so that the channel dimensions could he optimized economically from
a transportation time/cost stamdpoint. ilowever, il soon became apparent Lhat

the ship speed had very little effect on the required channel width as long as

ideal navigation conditions were nxed, and the shaft rpm were high encugh to i\Fif
permit contrel of the vessel. Thus the vessel speed was not found to be a f‘};:
factor in channel width design, although several runs were made at different .T;fs
speeds during each series ol tests. j'I.‘

49. In testing of models al a scale as small as 1:100, much care must I

be takenrr to assure that as many of the scale effects ax possible are elimi-

nated.  Frictional resistance and form resistance between model and prototype ff,;‘

are didderent. A Jarger propeller slipstream velocity past the rudder in- iiji?
creases Lhe rodder effectiveness, causing the mode] Lo respond guicker than k;;_
the prototype. Adjostments were vade to the rodder angle in the model to ;ﬂik:

overcome this problem.  Results ol prototype tests were nsed to make Lhese ::k;}
adjnstments . ‘ .

-

50. In a 1:100-scaje model the Lime distortion is § to J0.  Althoogh ';i‘.
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the time distortion was built into the model ships, i.e., the time required
to move the rudder from one positioct to another was properly simulated, the
time distortion could affect the response times of the pilot. Also, the model
pilot usually can see much more of the channel through a bird's eye view when
operating from the medel bank. This was eliminated by placing a video camera
on the model ship and piloting from the view on a television screen; however,
depth perception in the model is then less than that in the prototype. Chan-
nel markers and range poles help to eliminate this shortcoming in the model.
Alsoc, the model pilots rode on several prototype ships and made video record-

ings of the view from the pilot house. Through the use of this experience,

the model pilots were able to educate themselves as to real life situations in
the pilot house. By thoroughly familiarizing themselves with both the proto-
type and model operations, it was concluded that the model piloting was very
similar tc the prototype.

51. Results of the model tests for both one-way and two-way traffic

T
c’i St

indicated that the existing design criteria for design of channel dimensions

for ideal conditions are conservative. iowever, the model indicated that only
a slight reduction in channel widths (approximately 10 percent) could be made.

Considering the potential damage that could result if accidents occur, espe-

cially with two-way traffic, some additional safety factors should be allowed.
Because of model scale effects and inaccuracies in the facility, it does not

appear prudent to revise the design criteria based on the results of this

study.

52. Tests with currents in the model indicate that this has very little
effect on navigation in straight channels as long as the channel cross sec-
tion is uniform. There are many environmental factors such as fog, crosscur-
rents, wind, etc., that will require additional channel width. 35ince these
factors are unique to each prototype channel, the increased channel dimensions
required to permit safe navigation under these environmental conditioi:: aust
be determined by good engineering judgment gained through past experience and
discussions with local pilots or by site-specific model or simulator studies.

53. Much useful information was gained concerning the use of scaled
ship models in this study. The capabilities to adjust the rudder angle for
simulation oi prototype maneuverability, the development of instrumentation
for obtaining the required data from the model ships, the use of video cameras

to simulate the view of a prototype pilot, and the experience gained by the
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model operators will be valuable assets in future studies. Also, the knowl-
edge gained with respect to the type of information that can be obtained from
this type of model for site-specific channel design will be very valuable.

For example, with the site-specific channel configuration and currents repro-
duced in a model, and possibly other environmental factors, tests could easily
be conducted o determine the required channel dimensions.

54. Tests are presently under way to determine the amount of channel

bend widening required to safely navigate bends of various degrees. These
tests are being conducted with both slack water and various current

velocities. .
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